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Geosciences

Detecting Regional Groundwater Discharge to the Clark Fork River
Faculty Mentor: W. Payton Gardner
In this study, Radon-222 (222Rn) measured in stream water and groundwater was used to
constrain the quantity of groundwater discharge along a 22 km reach of the Clark Fork River as
it runs through Missoula, MT. Dissolved 222Rn samples were taken at 2 km intervals along a
reach extending from the confluence of the Clark Fork and the Blackfoot River near Bonner, MT
to the confluence with the Bitterroot River on the northwestern edge of the Missoula Valley.
Groundwater samples were taken from wells in an alluvial aquifer near Rattlesnake Creek, and
combined with previous data from the Missoula aquifer to characterize 222Rn groundwater
concentrations. All samples were analyzed for dissolved radon concentration using a spectral
alpha-decay detector. Observed 222Rn concentrations in the stream and groundwater were then
used to quantify the groundwater discharge along the reach with a stream transport model which
includes groundwater discharge. 222Rn concentration was observed to increase to 553 mBq/L just
downstream of the confluence of the Blackfoot and Clark Fork, drop below detection limits
through most of the Missoula Valley, and rise to 995 mBq/L at Kelly Island just before the
confluence with the Bitterroot. Estimated discharge ranged from 10 m3/day/m near the Blackfoot
to 40 m3/day/m around the Bitterroot. Groundwater discharge from unconfined aquifers to
adjacent streams is an important factor in watershed resiliency to climate change and can vary
dramatically along the river due to unseen changes in subsurface properties. Our results provide
spatially distributed estimates of the contribution of groundwater to base-flow conditions of the
Clark Fork River as it passes through the Missoula Valley.
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INTRODUCTION
Rivers in Western Montana originate high in the mountains and flow down into valley
bottoms to join larger rivers as tributaries. Rivers integrate water from a variety of sources that
can fluctuate spatially and temporally. Primary sources include precipitation, surface flow,
vadose zone flow, and groundwater flow. These hydrological pathways produce unique chemical
compositions, and contributions to rivers which dictate streamflow dynamics and stream water
quality (Wheater et al., 1991; Generaux, 1993). In high-elevation mountain environments, snow
accumulation and runoff are the dominant control on hydrological responses to climate change
(Tague & Grant, 2011). The quantity and age distribution of groundwater in stream flow
generation is an open and active question in hydrology (Jasechko et al., 2016; Maxwell et al.,
2016). Measuring stream water chemistry to identify the relative contribution and spatial
distribution of discharge zones is yet unstudied in many areas the Rocky Mountains, and may
provide insight for river flow and water quality in the face of a changing climate.
Groundwater discharge tends to be concentrated in alluvial valleys. Discharge locations
are a function of valley geometry, water table configuration, and subsurface stratigraphy (Freeze
& Witherspoon, 1967). Water table elevation tends to follow topography. The greater the relief
of a drainage basin, the greater the complexity of groundwater flow paths (Tóth, 1962 & 1963).
Subsurface groundwater flow can be classified into local, intermediate, and regional flow,
characterized by increasing travel distance and time (Tóth, 1963). It is possible to model these
flow paths mathematically; however, distinguishing between flow paths in a given river sample
is difficult but possible with the aid of environmental tracers.
Environmental tracers can be used to distinguish flow paths discharging to surface water.
Commonly used environmental tracers in groundwater-stream water studies include: radon
(222Rn), helium (4He), dissolved chlorofluorocarbons (CFCs), sulfur hexafluoride (SF6),
streambed temperature, electrical conductivity, and major ion chemistry (McCallum et al., 2011;
Smerdon et al., 2012; Gardner et al. 2011). Groundwater is marked by thermal stability, has
higher dissolved ion content, higher electrical conductivity, and more radioactive isotopes.
CFCs and SF6 are human-made gases introduced to the atmosphere via anthropogenic
production. Their concentrations have known historical values, and the measured concentration
within a water sample can be used to estimate water age within the last 70 years.
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222

Rn is a gaseous radioactive isotope produced in the Uranium decay series and is

transferred from subsurface media to water via mineral dissolution, diffusion, and alpha recoil. It
is produced by alpha decay from 226Ra, and has a half-life of 3.83 days. The atmosphere has no
222

Rn. Water moving underground accumulates 222Rn rapidly and reaches secular equilibrium

(where decay equals ingrowth) on the order of 2 weeks after recharge. Once subsurface water
reaches contact with the atmosphere, 222Rn equilibrates rapidly with the atmosphere and is lost
due to gas exchange and decay. Thus, radon is only present in surface waters in close proximity
to points of groundwater discharge (Cook et al., 2003). Cook et al. (2006) describes the distance
after which concentration decreases to 37% (1/e) of its initial value by the relationship
𝐿=

𝑄
𝑘𝑤 + 𝑑𝑤𝜆

where L is the scale length (m), Q is river discharge (m3/day), k is gas exchange velocity
(m/day), w river width (m), d is river depth (m), and 𝜆 is 222Rn radioactive decay constant
(1/day). We evaluate L in the sensitivity analysis of our numerical methods below.
Genereux & Hemond (1990) developed a framework for using 222Rn as a flow path
tracer. This process included injecting tracers to solve a mass balance, and using the resulting
average 222Rn concentration to determine sources of stream inflow. Their study demonstrated
that lower 222Rn concentrations were indicative of unsaturated zone water, where water and air
interact in the pore space of subsurface media. They also determined that high 222Rn
concentrations are suitable for identifying “soil groundwater”, or water that has been in the
saturated zone for several days or more. There have been efforts to distinguish groundwater from
hyporheic zone water, where groundwater and surface water mix along small-scale flowpaths as
a function of stream flow and riverbed morphological features. Cook et al. (2006) describe the
hyporheic zone being below the stream bed and of equal width of the stream, and was simplified
to exclude horizontal flow. They determined that neglecting hyporheic zone processes can skew
groundwater inflow results up to 70%.
Cook et al. (2003) developed a numerical simulation of environmental tracers such as
222

Rn, CFC-11, and CFC-12 as a means of providing more accurate data on spatial distribution of

groundwater inflow. They determined the model to be practical for using 222Rn to identify
groundwater discharge zones, but less so for CFC’s, which are only suitable for water less than
70 years in age. Gardner et al. (2011) determined that concentrations of 222Rn and 4He in the
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Fitzroy river of Western Australia can be used to detect the regional fraction of groundwater
discharge. Smerdon et al. (2012) measured the same tracers in the Daly Rover of Northern
Australia, demonstrating that this technique can be used to determine regional groundwater
discharge across basins with different geology.
We also apply the use of major ion concentrations to identify areas of groundwater
discharge. Major ion samples are a useful groundwater tracer because they are easily collected
and do not decay and re-equilibrate with the atmosphere unlike gases such as 222Rn. As water
travels through the subsurface, compounds dissolve and are carried through the water. The
concentration of these compounds thus build up over time and give some indication as to how
long water has spent in the subsurface (LaFave, 2002). We collect major ion samples at several
locations in our study to compare to 222Rn measurements to constrain groundwater distribution
patterns.
Several studies on the Misoula Valley (MV) aquifer have key conclusions pertinent to
our study. Clark (1986) determined that the Clark Fork River (CFR) is a principle source of
recharge to the aquifer, and the head gradient dips southwest from the CFR to the BRR.
Woessner (1988) and Miller (1991) assert that the CFR is hydraulically disconnected from the
aquifer for 4-6 miles upon exiting Hellgate Canyon and experiences downward leakage to the
aquifer. Ward (1997) sampled 34 wells across the MV for 222Rn concentrations, in the context of
contributing to the understanding of its role as a carcinogen detrimental to human health. LaFave
(2002) conducted an experiment in which he traced groundwater flow across the MV by
measuring oxygen-18, deuterium, chlorofluorocarbons, tritium, and helium. He found that the
Missoula aquifer is comprised of young water with an apparent residence time £4.6 years.
In this study, we sample 222Rn concentrations and major ion chemistry in groundwater
wells north of the CFR and potential groundwater springs identified at Kelly Island on the
northwestern edge of the MV. We then measured 222Rn concentrations along a 22 km reach of
the CFR as it runs through the MV. Our purpose is to map the distribution and quantity of
groundwater discharge as a means of providing insight into the mechanisms controlling
hydrological flowpaths and water quality to a populated reach of a major river in Western
Montana.
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Study Area

Figure 1: Map of study area with relevant locations labeled

The Missoula metropolitan area is 6780 km2 and has a population of over 110,000. The
MV extends laterally from Hellgate Canyon in the east to the Bitterroot River in the west (Figure
1). The MV is the intersection point of five valleys; the Bitterroot Velley to the south, the Lower
Clark Fork to the northwest, the Mission-Jocko Valley and the Blackfoot Valley to the north, and
the Upper Clark Fork to the east. As such, it is an important area of river and groundwater
discharge.
The CFR is 500 km long and drains a basin area of nearly 60,000 km2. Its headwaters are
in Butte, MT, at the confluence of Silverbow Creek with Basin & Blacktail Creek. It runs
eastward through the MV and eventually feeds into the Colombia River in Northern Idaho. Our
study is concerned with the 22 km reach between the confluences of the Blackfoot River and the
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Bitterroot River with the CFR. The average annual discharge recorded by the USGS stream gage
above Missoula is 906 m3/s.
The aquifer characteristics of the MV aquifer system are typical of Western Montana
alluvial aquifers (Woessner, 1988). The Missoula valley aquifer system is shallow, alluvial, and
unconfined. The stratigraphy is largely composed of unconsolidated and poorly sorted clay,
sands and gravels of valley-fill, glacial outwash, and alluvium deposits deposited from the late
Tertiary to early Pleistocene. Within the middle of the aquifer is a discontinuous and irregular
thickness fine-grained deposit thought to be from glacial Lake Missoula during the Pleistocene.
The aquifer is 30-45 m thick and is located 3-18 m below land surface. Missoula’s
unconsolidated sand and gravel has high porosity and conductivity, which enables it to be the
most productive type of aquifer in Montana (USGS Groundwater Atlas). Underlying the aquifer
are very low permeability fine-grained sediments deposited during the early Tertiary by basin infill following the opening of the valley during Laramide Orogeny extensional faulting (Smith,
1992). Woessner estimates the water in the MV aquifer to be flowing southwest at a rate of 2-8
m/day. The general direction of water movement can be seen in Figure 2 below.

Figure 2: Potentiometric surfaces of the MV aquifer as mapped by LaFave in June 1999
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Underlying the Tertiary sediments in the basin by an erosional unconformity, are a thick
sequence of Precambrian-age metasedimentary rocks called the Belt Supergroup. The Belt
Supergroup also comprises the mountains surrounding Missoula, separated by extensional fault
blocks. The Belt Supergroup underlies large portions of western Montana, northern Idaho, and
northeastern Washington, and can be found British Colombia and Alberta under the name Purcell
Supergroup (Hall, 1969). The Lewis and Clark Line, a prominent regional fault line that extends
at least 150 miles northwest to Coeur d’Alene, Idaho, runs through the MV. Most of the MV falls
below the Lewis and Clark Line, in what is called the Batholith Province; an area characterized
by complex and irregular structure with two primary fold sets, northwest trending thrust faults
and normal faults (Hall, 1969). The Belt rocks were deposited in a shallow water environment,
have a grain size of silt or finer, and are unusually thick; in the Missoula area, it is at least 50,000
ft thick (Hall, 1969). The supergroup is divided into Pre-Ravalli, Ravalli, Piegan, and Missoula
Groups in ascending order. Figure 3 displays the vertical sequence of Belt rocks in the Missoula
Valley.
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Separating the Belt Supergroup
mountain blocks and the MV are many
sets of fault lines. The Lewis and Clark
Line expresses itself through Missoula
as the Clark Fork Fault, which is
interpreted as a high angle normal fault
and apparently controls the course of
the CFR for several miles (Hall, 1969).
This fault line extends through Hellgate
Canyon, and in combination with the
northwest fault lines bounding the Belt
mountain blocks comprising Mount
Jumbo to the north of the canyon and
Mount Sentinel to the south, plays a
large role in the flow of surface- and
groundwater in the eastern region of the
MV.
In the eastern and southern
portion of the MV are the Bitterroot
Mountains. The Bitterroot mountains

Figure 3: Stratgraphic column found in northern
Missoula 30' quadrangle made by Hall, 1969,
depicting an unconformity between PreCambian
(Belt) and Cambrian formations

were originally Belt Supergroup rocks

that came in contact with the Idaho Batholith and underwent high-grade regional metamorphism.
High angle reverse faults and west-trending folds separate the Bitterroot Mountains and the
southern MV. The Sapphire Mountains, east of the Bitterroot Valley, are comprised of Belt rocks
and have a series of northwest trending faults are prominent structural features in the valley
(Hall, 1969).
In general, north- and north-west trending folds, thrust, and faults dominate the area. The
complex local geological structure plays an extremely important role in affecting the movement
of groundwater on local and regional scales, though to what magnitude and extent remains
unstudied.
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METHODS

Figure 4: Satellite photograph of the study area with labeled sampling points.

Field Methods
Three wells in Greenough Park, Missoula were sampled for 222Rn. Samples were
collected with a submersible pump that was used to pump three buckets of water 3 gallons each,
or approximately ten liters of water, in order to flush the well volume to ensure a representative
amount of 222Rn. Upon the fourth bucket filled, the outlet hose of the pump was inserted into a
250ml bottle held under water surface within the bucket. The bottle was flushed to ensure the
removal of debris and residue. The outlet hose was removed and samples were capped while
submerged to prevent the loss of 222Rn to the atmosphere.
Three springs at Kelly Island were sampled for 222Rn by submerging the inlet hose of the
water pump into the bottom of the spring with an effort to avoid organic debris. The outlet hose
of the pump was inserted into a 250mL bottle, which was then submerged in the spring itself.
The pump was allowed to run such that it flushed the bottle with a volume of water equivalent to
750mL, and then capped while submerged to avoid atmospheric gas exchange.
To test for major ion chemistry, we collected 250 mL bottles of water at 2 springs on
Kelly Island, one location along the main CFR channel through Kelly Island, and 2 wells in
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Greenough Park. We used the same collection method as described above for the 222Rn samples.
The samples were diluted and analyzed using Ion Chromatography in the Environmental
Biogeochemistry Lab. In this study, we utilize the chloride data, because it is a stable,
conservative ion common in most waters.
A synoptic river survey was carried out August 18th and 19th, 2016 to sample for 222Rn.
Eleven survey points along the CFR were taken at approximately 2 km spacing between the
confluences of the Blackfoot River and the Bitterroot River. These were collected by submerging
a 250mL bottle into the river and emptying the resulting contents out twice to ensure the removal
of residue from within the bottle. On the third time being filled, the bottle was capped
underwater.
Analytical Methods
Samples were analyzed using a RAD7 spectral alpha decay detector (Durridge Co., Inc.).
The RAD7 is designed to be portable and durable, and can detect 222Rn in both air and water.
The RAD7 contains an inner chamber which measures the 222Rn concentration in gas. Within the
chamber is the alpha decay detector, which counts alpha particles emitted during 222Rn decay.
The radon concentration of a water sample is calculated based on the radon concentration in the
air loop. The conversion is made with the use of a calibration factor which is derived from the
volume of air loop, volume of sample, and equilibrium radon distribution coefficient at room
temperature. For a 250mL water sample bottle, this calibration factor is around 4.
Water samples were degassed and the headspace gas containing 222Rn was allowed to
flow through the counting chamber. The aerator was inserted into the sample bottles, and was
attached to a hose which fed into inlet hookup, where the air passed into the chamber that counts
the alpha decays. The air then cycled out of the RAD7 through the output, returning to the
sample bottle. Air was allowed to circulate in a closed loop for a 5-minute period of degassing.
222

Rn in the headspace gas was counted for four 5-minute intervals. We calculated the mean

222

Rn concentrations for each sample taken. All radon samples were analyzed within 24 hours to

ensure accurate 222Rn concentration readings.
Possible sources of error within the analytical methods include humidity within the
RAD7 circulation system. High humidity within the collection chamber reduces efficiency of
collecting alpha particles on the detector. Between each sample, the system was purged with for
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ten minutes, and during sample tests desiccant was used to keep humidity low. However, high
humidity could cause the 222Rn to read lower than true. Furthermore, we used the 20-minute
count time, which is less sensitive than the 60-minute count time.
Numerical Method
To estimate groundwater flow using the 222Rn concentrations produced by the RAD7, we
used RADIN 13, a numerical flow and transport model that describes longitudinal radon activity
in a stream as a function of groundwater inflow, hyporheic exchange, evaporation, gas exchange,
and radioactive decay. The equations that RADIN simulates are the tracer transport conservation
of mass:
𝑄

𝜕𝑐
𝛾ℎ𝑤𝜃
𝜆ℎ𝑤𝜃
= 𝐼 𝑐. − 𝑐 + 𝑤𝐸𝑐 − 𝑘𝑤𝑐 − 𝑑𝑤𝜆𝑐 +
+
𝑐
𝜕𝑥
1 + 𝜆𝑡6 1 + 𝜆𝑡6

and the stream flow conservation of mass:
78
79

= 𝐼 𝑥 − 𝐿 𝑥 − 𝐸(𝑥).

In this model Q is streamflow rate at the time of survey, x is the direction of flow along
which we surveyed, c is the concentration of 222Rn in river water, ci is the concentration of 222Rn
in groundwater, w is river width, d is average river depth, k is the gas transfer velocity, 𝜆 is
222

Rn’s radioactive decay constant, 𝛾 is the 222Rn production rate within the hyporheic zone, h is

the mean depth of the hyporheic zone, th is the mean residence time of water in the hyporheic
zone, q is the hyporheic zone porosity, E is the evaporation rate, L is river water extraction rate,
and I is the groundwater inflow rate.
Parameters were estimated from previous literature, and field conditions. Based upon
Cook et al. (2006) and Gardner et al. (2011), we chose a 222Rn exchange velocity of 1 m/day
calculated for the Daly River and used effectively for the Fitzroy River in Australia. We also
chose a 222Rn radioactive decay constant of 0.18 days-1 and an evaporation rate of 5 mm/day. We
further assumed from these papers a constant hyporheic depth of 0.1 m, mean residence time of
0.25 days, hyporheic zone porosity of 0.4, and hyporheic production rate of 0.2 Bq/L/m. From
field measurements, we input the 222Rn concentration results of the CFR survey as the
concentration within river water, and the averaged 222Rn concentration results, 11500 mBq/L, of
Greenough park for the concentration in groundwater. A streamflow rate of 23.7 m3/s was taken
from the USGS stream gage site above Missoula at the date of the survey. The average river
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width along the study reach, 65 m, was determined on Google Earth, and average river depth was
estimated at the time of the survey to be 1.5 m. These parameters and their values and units used
by our study can be seen in Table 1 below.
Parameter

Description

Value

Units

E
k
w
d
h
th
q
𝜆
𝛾

Evaporation rate
Gas exchange velocity
Average river width
Average depth
Depth of hyporheic zone
Hyporheic residence time
Hyporheic porosity
Rn radioactive decay constant
Radon production rate in
hyporheic zone
Streamflow rate at time of
survey
Radon concentration in
groundwater

5
1
65
1.5
0.1
0.25
0.4
0.18
0.2

mm/day
m/day
m
m
m
days
1/day
Bq/L/day

23.7

m3/s

11500

mBq/L

Q
ci

Table 1: List of parameters and their values used in RADIN.

We estimate groundwater inflow by fitting observed radon concentration along the reach,
by varying the volume of groundwater discharge entering the stream. This method produces
estimated radon concentration and groundwater inflow versus distance downstream.
Using the values in Table 1 we are able to calculate the distance downstream after which
radon concentrations decreases by 1/e with the equation mentioned in the introduction, 𝐿 =
8
<=>?=@

. Thus, for the CFR at the time of survey, the length scale of detectable radon is L = 25

km.
The groundwater inflow estimated with this technique has error due to the assumptions
made in parameter choice. Cook et al. (2006) conducted a thorough sensitivity analysis for this
method. Since E and k have small magnitudes, we can expect the evaporation term to provide
negligible error. The hyporheic zone depth is smaller than the river depth in the CFR, so the
relative magnitudes of gas exchange and radioactive decay depend largely on d and k. Errors in
gas exchange rate, and river width and depth may cause large errors in I. Errors in hyporheic
exchange parameters are also likely to cause large errors in I when 222Rn activity is negligible.
We assumed pump rate, L, for our study reach as zero, which may cause some error in Q. When
summed over the whole river, estimated groundwater inflows are unlikely to be highly sensitive
13

to rates of water loss. As a moderately shallow stream, gas exchange is the main process
controlling radon loss, and thus is the largest source of error.
RESULTS & DISCUSSION
Wells & springs results
Date

Site #

7/13/2016
7/13/2016
7/13/2016

W 11
W1
W6

Greenough Park wells
222
Rn (mBq/L)
12000
13800
8800

Date

Site #

8/4/2016
8/4/2016
8/5/2016

KIS 3
KIS 4
KIS 5

Kelly Island Springs
222
Rn (mBq/L)
8800
550
1400

Table 2: Measured Rn concentrations in sampled wells and springs.

Greenough Park well sites 11 and 1 have 222Rn concentrations of 12000 and 13800
mBq/L respectively, which are concentrations we would expect of groundwater. Well 6’s result
of 8800 mBq/L is slightly lower than expected for groundwater, suggesting either a shorter
residence or surface water dilution. Kelly Island Spring 3 has the same concentration, indicating
a significant portion of long-residence time of groundwater in the discharge. Springs 4 and 5, at
550 and 1400 mBq/L, have lower concentrations than that of groundwater, but higher than
expected for river water, indicating short term residence time characteristic of hyporheic flow, or
mixing of long residence time groundwater and surface water. The variations in 222Rn
concentration in Kelly Island seeps and springs suggest a complex system of flowpaths that
allow for water of variable sources and ages to mix and discharge to the CFR.
Well #

Mean radon (Bq/m^3)

Well #

Mean radon (Bq/m^3)

1
2
3
4
8
9
10
11
12
14

12117
8697
13434
10145
10641
11787
12796
11936
11059
14303

23
24
25
26
27
28
29
30
31
32

13424
11681
13125
11753
8565
20821
12683
12461
10766
9930

16
17

14391
24386

33
34

11280
11204

14

18
19
20
21
22

11182
8824
12369
13379
11872

35
36
37
38
39

13346
13140
10580
12753
13799

Table 3: 222Rn concentrations measured by Ward (1997) in Missoula Valley wells

We find that the Greenough Park wells 222Rn concentrations are comparable to that which
Ward (1997) measured in his survey of 34 groundwater wells across the MV (Table 3). Ward
measured an average concentration of 12500 mBq/L; the average of our well data in Table 2 is
11500 mBq/L. We would expect similar 222Rn concentrations in the Rattlesnake Valley to the
MV due to similar climate, fluvial processes, and lithology.
Site

Cl- (mg/L)

KR1
KIS2
KIS3
W7
W6

3.10
2.98
3.81
1.40
3.40

Table 4: Chloride ion results

The chloride ion data in Table 4 illustrates that the river through Kelly Island (KR1) has a
lower chloride concentration at 3.10 mg/L than Kelly Island Spring 3 at 3.81, which in Table 2
above, has a high 222Rn concentration of 8800 mBq/L. Kelly Island Spring 2, which was not
tested for 222Rn, has an even lower chloride concentration at 2.98 mg/L, suggesting that the water
may not be groundwater. Well 7’s concentration at 1.40 mg/L is low. We did not test 222Rn at
Well 7, so we hypothesize that this low chloride concentration is due to dilution with young river
water within the well. Well 6 has a 222Rn concentration of 8800 mBq/L, like KIS3, but has a
lower chloride ion concentration than KIS3 of 3.40. This interesting difference could be due to
slight variations in lithology of the areas. In this study we interpret only chloride ion data; for
fluoride, nitrite, nitrate, sulfate, and phosphate results, please see the Appendix.
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River survey results
Date
8/18/2016
8/18/2016
8/18/2016
8/18/2016
8/18/2016
8/18/2016
8/18/2016
8/19/2016
8/19/2016
8/19/2016
8/19/2016

Site #
1
2
3
4
5
6
7
8
9
10
12

River sample 222Rn (mBq/L)
329
420
405
553
518
334
111
255
0
515
995

Table 5: Field results for 222-Rn concentrations in CFR samples across a 22 km reach.

Figure 5: Aerial photograph of displaying magnitudes of Rn concentrations

The field results show an increase in 222Rn concentration from 329 to 553 mBq/L as the
river funnels through Hellgate Canyon (Table 5). This increase is likely caused by the canyon; as
the relatively low permeability Belt rocks close in, the alluvium narrows and groundwater is
pinched out to the surface. Once the river enters Missoula Valley, between point 5 & 6 we see a
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drop off in 222Rn from 518 to 334 mBq/L. Concentrations remain low until the river gets to the
complex braided channels of Kelly Island, where it sharply increases from 255 to 515 to 995
mBq/L.
It is important to note several points of the survey. Firstly, survey point 9 is a CFR sidechannel chosen because it is an easily accessed location. We believe it has a 222Rn concentration
of 0 because the side channel is slow, shallow, and wide enough that the water is totally
equilibrated with the atmosphere. The resultant concentration is thus probably not representative
of the main CFR channel through that area. Furthermore, survey point 12 is still upstream of the
confluence with the BRR. We planned to have a survey point 11 in the Kelly Island system
between 10 & 12, and a survey point 13 downstream of the confluence; however, due to issues of
accessibility we were unable to sample them.
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Modeling results

GROUNDWATER INFLOW
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Figure 6: Modeling results for groundwater inflow and radon concentration

Using the 1-D finite difference solver RADIN 13 described in above, we estimate the
groundwater discharge to the CFR by matching observed and modeled 222Rn concentrations.
Figure 6 shows the modeling results using the parameters listed in Tables 1 & 2. In the bottom
graph, the green line shows the best fit 222Rn concentrations to observed data (the orange points).
The best fit groundwater inflow rates along the CFR are given in the upper figure. The graphs
show that as the CFR moves through Hellgate Canyon, it receives 35 m3/day/m of groundwater
for a 6 km stretch, which amounts to a groundwater inflow of 210,000 m3/day. For an 8km reach
through central Missoula it receives 0 m3/day groundwater. At Kelly Island it receives 60
m3/day/m along an 8km reach, which amounts to 480,000 m3/day. For the entire 22 km length of
the study reach, the CFR receives a total of 690,000 m3/day of groundwater inflow.
18

This pattern agrees with the potentiometric surfaces mapped by LaFave in 1999 in Figure
2, where head contours show that flow moves away from the CFR as it exits Hellgate Canyon
and converge around Kelly Island as they move to the BRR. Though not pictured, it is likely that
head contours also converge around Hellgate Canyon as the valley narrows significantly,
decreasing the area that the groundwater can flow through, and therefore resulting in more
groundwater upwelling to the river. It is likely that the faulting that separates the valley from
Mount Sentinel encourages the head gradient across the MV, as does the faulting that directs the
BRR north along the base of the Bitterroot Mountains. It is interesting to note the Clark Fork
Fault appears to influence the path of the CFR, but not groundwater discharge across Missoula.
Our results affirm that the CFR likely loses water to the aquifer; however, an absence of gaining
does not necessarily mean losing. Because the river is bounded by structures and private property
through this area, it is unlikely that piezometers could be installed to map the head in greater
detail to determine whether it is in fact a losing stream. The results show that the river flow and
adjacent groundwater systems are largely controlled by structural features surrounding the
aquifer.
CONCLUSIONS
Our study shows that the CFR receives a total of 690,000 m3/day of groundwater
discharge as it runs through the MV. As the river traverses into Hellgate Canyon east of
Missoula, it receives 210,000 m3/day. We believe this is due to low permeability Belt
Supergroup rocks pinching out the alluvial aquifer and causing groundwater to upwell. There is
no groundwater discharge through the middle zone of the MV. Woessner (1988) hypothesized
that the CFR is a losing disconnected stream for a 4-6km reach through Missoula, and our results
support that hypothesis. Kelly Island contributes 480,000 m3/day of groundwater. Considering
our results for the Kelly Island springs, we believe that Kelly Island is a zone of groundwater
discharge. This is due to being at a lower head, having an abundance of inflow as an intersection
of the CFR and Bitteroot River, and because its braided channels have long lengths of banks that
store water.
Our results are consistent with previous research on the MV aquifer system. These
indicated that the CFR and the MV aquifer and closely linked. The alluvial flow paths in valley
aquifer such as the MV can be thought of as long hyporheic flow paths which provide the river
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with natural storage and buffering capacity. However, this linkage implies that the MV aquifer
will respond to environmental changes affecting the CFR. Our results show that the CFR and the
adjacent alluvial aquifers are tightly coupled in the study area, and that regional 222Rn surveys
can be used to provide estimates of this linkage over relatively large spatial scales.
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Appendix
Site
KR1
KIS2
KIS3
W7
W6

Fluoride
(mg/L)
0.2007
0.2032
0.255
0.0484
0.0571

Chloride
(mg/L)
3.1023
2.9832
3.8103
1.4005
3.3962

Nitrite
(mg/L)
0.1605
0.1507
0.1655
n.a.
n.a.

Sulfate
(mg/L)
21.4172
21.4599
26.4739
1.3808
4.3602

Nitrate
(mg/L)
0.0785
0.0429
0.2489
0.0283
0.4219

Table 6: Full results for major ion concentrations sampled
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Phosphate
(mg/L)
n.a.
n.a.
n.a.
n.a.
0.0186

